Previous researchers have successfully demonstrated the application of temperature feedback control for thermal treatment of disease using MR thermometry. Using the temperature-dependent proton resonance frequency (PRF) shift, ultrasound heating for hyperthermia to a target organ (such as the prostate) can be tightly controlled. However, using fixed gain controllers, the response of the target to ultrasound heating varies with type, size, location, shape, stage of growth, and proximity to other vulnerable organs. To adjust for clinical variables, feedback self-tuning regulator (STR) and model reference adaptive control (MRAC) methods have been designed and implemented using real-time, online MR thermometry by adjusting the output power to an ultrasound array to quickly reach the hyperthermia target temperatures. The use of fast adaptive controllers in this application is advantageous because adaptive controllers do not require a priori knowledge of the initial tissue properties and blood perfusion and can quickly reach the steady-state target temperature in the presence of dynamic tissue properties (e.g., thermal conductivity, blood perfusion). This research was conducted to rapidly achieve and manage therapeutic temperatures from an ultrasound array using novel MRI-guided adaptive closed-loop controllers both in ex vivo and in vivo experiments. The ex vivo phantom experiments with bovine muscle (n ϭ 5) show that within 6 Ϯ 0.2 minutes, the tissue temperature increased by 8 Ϯ 1.37°C. Using rabbits' (n ϭ 5) thigh muscle, the in vivo experiments demonstrated the target temperature reached 44.5°C Ϯ 1.2°C in 8.0 Ϯ 0.5 minutes. The preliminary in vivo experiment with canine prostate hyperthermia achieved 43 Ϯ 2°C in 6.5 Ϯ 0.5 minutes. These results demonstrate that the adaptive controllers with MR thermometry are able to effectively track the target temperature with dynamic tissue properties.
INTRODUCTION
Recent developments in clinical treatments using thermal effects have expanded the treatment options for certain oncology patients (1) . Cancer associated with the prostate gland draws special attention because it is the second leading cause of cancer-related death in men reported by American Cancer Society. By applying heat to the local tissues, hyperthermic cytotoxicity and two different types of interaction, thermal radiosensitization and thermal chemosensitization, are induced to provide effective local treatment of isolated disease. Local hyperthermia elevating the target tissue temperature to 43-45°C can kill cancer cells either alone or in conjunction with radiotherapy or chemotherapy with minimal damage to the surrounding and intervening normal tissues (2) (3) (4) (5) (6) (7) (8) .
Magnetic resonance (MR) thermometry has been used in vivo for noninvasive robust monitoring and control of hyperthermia therapies (9 -15) . MR thermometry using the temperature-dependent proton resonance frequency (PRF) shift has been shown to provide accurate spatial localization, adequate temperature sensitivity, and tissue contrast for precise two-dimensional (2D) temperature measurement as well as tissue identification (16, 17) .
Previous research has successfully demonstrated the application of temperature feedback control for hyperthermia treatment of disease using MR thermometry (9, 10, 18 -22) . However, regulation of the target tissue temperature within a narrow therapeutic range to minimize the damage to normal tissues presents many challenges. Tumors vary in type, size, location, and stage of growth, and have dynamic properties such as blood perfusion. To avoid large overshoots, the controllers with fixed gains required prolonged rise times (9, 18) . In applying a physical model of heat conduction, some control methods neglect the effects of blood perfusion and assume the absorption and diffusion of heat to be independent of space and time, which limited the stability and tolerance for spatial deviations (10, 19, 22) . With the assumption that tissue parameters are time invariant, other controllers had less ability to track the system variations during the long period of hyperthermia (21) . These results motivate the use of an adaptive controller whose gains are automatically adjusted to provide desired steady-state and transient characteristics even among various patients.
The goal of this research was to design and evaluate three adaptive temperature control methods using MR thermometry for thermal feedback in ultrasound hyperthermia. The controllers were required to achieve and maintain a target temperature for a sustained period with minimal overshoots, rapid rising time, and small oscillations. Simulations were used to determine the proper initial parameters for the adaptive controllers. In vivo and ex vivo experiments using MR thermometry demonstrated the performance and effectiveness of the noninvasive robust and adaptive feedback temperature control system.
MATERIALS AND METHODS
The block diagram shown in Fig. 1 displays the entire system used to conduct the ultrasound hyperthermia control experiments using MR thermometry. In the figure, an intracavitary ultrasound array with 16 elements was designed for transrectal prostate cancer hyperthermia. The electrical driving signal (phase and amplitude) to the array was amplified by a 64-channel Figure 1 Block diagram of the ultrasound hyperthermia system using MRI thermometry as thermal feedback. The intracavitary ultrasound array is placed inside the MR scanner for hyperthermia treatment together with the animal/ phantom. Online thermal feedback is acquired by processing the MR images and transferring to the closed-loop adaptive controller, which determines the proper amount of power outputting from the amplifier to generate optimal temperature rise trajectory in the target tissue.
programmable ultrasound driving system with a maximum output power of 60 W per channel. The ultrasound array and animal (or phantom) were placed inside a birdcage coil to receive/transmit the radio frequency (RF) signal for MRI measurement. Temperature maps constructed from MRI data using PRF shift were acquired and compared with a desired reference temperature. The adaptive feedback controllers programmed in the PC used this information in adjusting the amount of power applied to produce the desired temperature response. Detailed descriptions of each individual system follow.
Adaptive Control Algorithms
System Identification. As a starting point, a dynamic model of the hyperthermia process using batch leastsquares system identification was first obtained (23) . To identify the hyperthermia system, the electrical power to the ultrasound transducer and the measured tissue temperatures were taken as the input and output of the system, respectively. With reasonable assumption that the system satisfied an auto regressive moving average (ARMA) model, the system was expressed in the following difference equation: [1] where y(k) is the tissue temperature at time k, u(k) is the electrical power applied to the transducer, n and m are unknown integers representing the number of poles and zeros, respectively, ␣ 1 , ␣ 2 ,. . .␣ n , and ␤ 1 , ␤ 2 ,. . . ␤ m are unknown real-valued coefficients of the system. Equation [1] has the compact form A͑q͒ y͑k͒ ϭ B͑q͒u͑k͒, [2] where A and B are polynomials in the forward shift operator q, e.g., q n u(k) ϭ u(k ϩ n). The unknown parameters in Eq. [2] are estimated from experimental data using batch least-squares identification. Pole-zero maps are used to show the effect of experimental excitations on the estimated model. The poles of a system are the roots to equation A(q) ϭ 0, whereas the zeros are the roots to equation B(q) ϭ 0. The location of the poles and zeros determine the transient response characteristics of the hyperthermia process. In Fig. 2 , the horizontal and vertical axes show the real and imaginary parts of the poles and zeros, respectively. Small crosses indicate poles; small circles indicate zeros. The dotted circles of radius 1 represent the stability boundary; poles located outside the circle indicate a dynamically unstable system. Poles located near the inside boundary of the circle or on the negative real axis indicate an oscillatory transient response. Complex valued poles and zeros must be accompanied with their complex conjugates because the system polynomials A and B have real-valued coefficients.
Four identification experiments were conducted on the phantom system with four different excitations: the square-wave excitations with periods of 3 and 10 s and power levels of 0.5 and 5 W respectively. For a linear time-invariant system, the coefficients of the system polynomials A and B are constant, and so the pole and zero locations should not vary with power level or the shape of the excitation waveform. The variation of the locations of the poles and zeros due to different excitations shows that the hyperthermia system is not a time-invariant system. As a result, a fixed gain controller is unlikely to provide adequate transient response characteristics and steady-state tracking accuracy. For this reason, we designed a series of adaptive control systems to regulate the temperature of the time-varying system like the ultrasound hyperthermia system. Adaptive Control Designs. In comparison with fixedgain controllers, adaptive control systems automatically tune the control gains to compensate for temporal variations in the system model (23) . Adaptive control systems consist of two feedback loops: a fast, inner loop that implements feedback control between the process output and input, and a slow, outer loop that tunes the control parameters. Because the system model for the hyperthermia process is affected by the excitation input, it is expected that the adaptive controller will provide better performance than a fixedgain controller.
There are two broad categories of adaptive controllers, self-tuning regulators (STR) and model reference adaptive control (MRAC) systems. In STR adaptive controllers, an online system identification scheme is used to continually update a process model, which is then used to select control gains that meet desired performance specifications. In MRAC sys-tems, the difference between the closed-loop output of the process and a reference model exhibiting desired performance characteristics is used to adjust the gain parameters. An MRAC system does not explicitly estimate the process model, and, because it forces the process output to follow that of a reference model, is less sensitive to errors in estimating the process dynamics.
A fixed-gain proportional-plus-integral-plus-derivative (PID) controller was also studied in this research as a reference to evaluate the performance of the adaptive controllers. The results obtained using a PID controller with fixed gains were compared with the adaptive methods in simulations and experiments to demonstrate the advantages of adaptive control.
Self-Tuning Regulator (STR). The STR uses a polynomial feedback law of the form
Ru͑k͒ ϭ Tu c ͑k͒ Ϫ Sy͑k͒, [3] where R, S, and T are polynomials. This feedback law can be used to implement a PID controller, or a more advanced designs based on observer feedback systems (23) . Figure 3 shows a block diagram of the controller. The transfer function form the command input u c (k) to the process output
The roots of the closed-loop characteristic polynomial A c , determine the transient response characteristics of the closed-loop systems. The roots are chosen by the designer, and Eq. [5] is used to solve for the controller polynomials R and S. The polynomial T is chosen so that the closed-loop system in Eq. [5] has desired zero locations.
Model Reference Adaptive Control (MRAC).
The diagram of a MRAC system is shown in Fig. 4 . This system has an inner feedback loop composed of the process and the controller, and an outer feedback loop for adjusting controller parameters. The parameters were changed on the basis of the error between the output of the system, T actual , and the output of the desired model, T desired . We consider two separate parameter adjustment mechanisms (23) . The first mechanism is based on Lyapunov stability theory and yields an adjustment mechanism that guarantees stability of the closed-loop adaptive system. The second mechanism uses a gradient method, known as the MIT rule, for adjusting the controller parameters.
To design the MRAC, we represent the hyperthermia process using the state-space model x͑k ϩ 1͒ ϭ Ax͑k͒ ϩ Bu͑k͒, [6] where x(k) is an n ϫ 1 state vector, which represents the temperatures; u(k) is m ϫ 1 vector defining the powers to the amplifier; A is an n ϫ n system matrix, which incorporates both conduction and perfusion terms; and B is an n ϫ m system input matrix, which represents the effects of the m power patterns. It is desired that the closed-loop response x(k) of the hyperthermia process match the response x m (k) of a reference model
where x m (k) is the state vector representing the temperatures of the model and u c (k) is the input vector defining the command inputs to the model. The polynomials A m and B m are the state matrix and input matrix of the model, respectively, and are chosen by the designer. The inner loop of the MRAC system uses the general linear control
where M and L are control gain matrices with adjustable parameters . Combining Eqs. [6 -8] yields a dynamic model for the inner loop of the MRAC system
Let e be the error between the output y of the closedloop system and the output y m of the model. To minimize the error e, the parameters were adjusted in such a way that the loss function
was minimized. As mentioned earlier, there are two techniques for adjusting . We first consider the MIT rule, where we move the parameters in the direction of the negative gradient of J, that is,
where ␥ is the adaptation gain. Approximating the dynamics of the hyperthermia process as a second-order system and applying the MIT rule yields the parameter adjustment law 
The selection of adaptation gain is critical because there is no guarantee that an adaptive controller based on the MIT rule will give a stable closed-loop system. To guarantee closed-loop stability, we consider a second adjustment that is based on Lyapunov stability theory. By choosing the parameter adjustment law chosen as ⌰͑k ϩ 1͒ ϭ ⌰͑k͒ Ϫ ␥⌿ T Pe͑k͒, [13] where e(k) ϭ x(k) Ϫ x m (k), ␥ Ͼ 0 is the adaptation gain; P is a positive definite matrix; is a matrix containing A c , B c , A m , and B m , it can be shown that the closed-loop system is stable. In the Results section, simulation and experimental results for the three adaptive as well as fixed-gain control systems considered in this section are shown: STR adaptive control, MRAC using the MIT rule, MRAC using Lyapunov stability theory, and PID control.
Transrectal Intracavitary Array and Amplifier System
An ultrasound array was designed for transrectal intracavitary use to heat the entire prostate with little harm to other organs from the limited confines of the rectum (24, 25) . Resonating at 1.5 MHz, the applicator was constructed of PZT-8 (lead zirconate-titanate, EDO, Salt Lake City, UT) material using one-third cylinder sections cut from 25-mm O.D., 15-mm-long full cylinders. The cylindrical sections were subdivided by scoring the inner electrode surface and were arranged along the primary axis of the applicator body. The array has 16 elements arranged in a 4 ϫ 4 pattern. Each element can be powered individually or in any combination by the amplifier system. The applicator was powered by a 64-channel highpower ultrasound phased-array driving amplifier (Advanced Surgical System Inc., Tucson, AZ). Designed to operate between 1 and 2 MHz and to deliver 60 W per channel, the amplifiers had externally mounted electrical matching circuits that transformed the transducer impedance to 50⍀, matching the output impedance of the amplifiers (26) .
Water circulator (Model 75211-21 and 75211-22, Cole-Parmer Instrument Company, Vernon Hills, IL) and air-flow systems (A-850 Maxima air pump, Rolf Hagen Corp., Mansfield, MA) were connected to the applicator and used to inflate and control the temperature of a latex water bolus (PROcovers, ATL Supplies, Reedsville, PA), which provided acoustic coupling between the array and the rectum. All components of the array and circulation system were made from nonmagnetic materials.
MR Thermometry
The proton resonance frequency (PRF) has been shown to be linearly dependant on temperature (16) . Temperature-induced PRF shifts can be estimated with MRI by measuring changes in the phase of the MR signal and dividing by 2 multiplied by the time in which the phase developed. A reference phase image was acquired before the delivery of ultrasound. Subsequent images were acquired at 7.4-s intervals to measure the phase change over time. Exploration of the temperature-dependant PRF has been shown to have an accuracy of Ϯ 0.5°C (16) . From a recent study using the PRF shift for noninvasive temperature monitoring, heating from focused ultrasound was monitored in vivo with an accuracy of 0.37°C and a time resolution of 438 ms (27) .
The PRF shift was evaluated by using a spoiled gradient echo (SPGR) sequence with the following imaging parameters: repetition time, TR ϭ 100 ms, echo time, TE ϭ 15 ms, flip angle ϭ 30°, data matrix 64 ϫ 64, field of view (FOV) ϭ 16 ϫ 16 cm, slice thickness ϭ 8 mm, and bandwidth ϭ 61.7 kHz. These parameters were chosen to maximize the temperature-dependent phase shift while maintaining a high temporal resolution. The temperature elevation was obtained using the temperature dependence for muscle ␣(t) ϭ Ϫ0.00909 ppm/oC (17 ) . A birdcage coil with a length of 29 cm and inner diameter of 26 cm was used to acquire the MRI RF signals. The magnet scanner was a 3 Tesla system (MEDSPEC S300, Bruker BioSpin, Ettlingen, Germany).
The MRI-derived average temperature of a 4 ϫ 3 pixel region was used as input to the adaptive controller. This region was chosen to be near an optical temperature probe (Model 3100, Luxtron Corp., Mountain View, CA). The temperature probe was shielded in a brass catheter to avoid direct ultrasound heating (28) and for the localization in the MR images.
Computer Simulation of Ultrasound Hyperthermia Process
Simulations were initially performed before experiments to compare different control methods and to determine the initial control variables. The acoustical pressure of an 8 ϫ 8 two-dimensional array (29) was calculated by modeling every element of the array as an independent simple source and the net pressure due to all the elements was determined by summing the effects of each simple source (30) . The deposited power contributing to the temperature elevation at some depth into the tissue was calculated by considering attenuation appropriately in the model (31) .
The nature of heat transfer in tissue from the ultrasound field was determined by applying Pennes' bioheat transfer equation (32, 33) , which combines the convective effects of the blood flow and the conductive properties of soft tissues, providing a simplified model for heat transfer in biological systems (34) . In simulation, the bioheat transfer equation was implemented in a space of 40 ϫ 40 ϫ 20 mm 3 with digitized spatial and temporal cubic grid of 1 ϫ 1 ϫ 1 mm 3 and 1 s period, respectively, and realized using a finite difference method. The focus was located 40 mm away from the surface of the transducer. Boundary condition as well as the initial condition of the block was set at 37°C with the blood temperature constantly at 37°C. Other simulation parameters are tissue density of 998 kg/m 3 , specific heat of both tissue and blood 3770 J/(kg°C), and thermal conductivity of 0.5W/(m°C).
To conduct computer simulations with different controllers, the distribution of the deposited power in a 3D tissue volume was calculated with initial electrical power of 0.1 W, subsequently the thermal response of the tissue was estimated using the bioheat transfer equation. The temperature at predefined location as well as history data points were analyzed by the adaptive controller to predict the proper amount of power for the next cycle of heating.
To evaluate the performance of the adaptive control and PID control methods, blood perfusion rate was set to linearly increase from 2.0 to 10.0 kg/m 3 s during the 30-minute heating period. Using STR, the first 20 s of the hyperthermia treatment was used to estimate the initial STR control parameters. For the MRAC methods the initial value of the control parameters ⌰ was set to zero with proper value of adaptation gains. The reference temperature for all controllers was an exponential signal with a time constant of 4 ϭ 5 minutes.
Ex Vivo Phantom Experiments
Nine ex vivo phantom experiments with bovine muscle tissue were conducted within the MRI scanner using the intracavitary applicator. The ultrasound array was fastened to a platform made of plexiglas, which has an elliptical hole (8 ϫ 15 cm) as an acoustic window, allowing the ultrasonic energy to be transmitted to the target. Phantoms were placed right above the window with solid contact to the inflated water bolus using ultrasound gel (Sonotech Inc., Bellingham, WA). The degassed water was circulated through the bolus at room temperature to allow the constant boundary condition. MR temperatures in a region of interest (ROI) selected from the tissue from predefined images were used as feedback to the controller. For comparison to the MRI-derived temperature measurement, the ROI was selected adjacent to an optical temperature probe embedded in the tissue. A desired increase of 8°C above initial temperature was set to simulate the temperature rise for hyperthermia treatment. Exponential function with time constant of 4 ϭ 6 minutes was applied as reference input. The adaptation gains (␥ ϭ 0.005ϳ0.015) and initial control variables were carefully chosen to generate minimal overshoots, small oscillation, and fast settling time. The sonication time was 30 minutes, with the initial electrical power of 0.1 W. The tissue was allowed to return to room temperature before subsequent experiments.
In Vivo Animal Experiments
Rabbit Experiments. Five New Zealand white rabbits (4 -5 kg, males) were used for 24 separate control experiments. All animal experiments were conducted with procedures approved by the Penn State Institutional Animal Care and Use Committee (IACUC). The experimental setup for the rabbits test was similar to the ex vivo phantom experiment. Rabbits were anaesthetized with an intramuscular injection of ketamine (40 mg/kg, Fort Dodge Animal Health, Fort Dodge, IA) and xylazine (10 mg/ kg, Phoenix Scientific, Inc., St. Joseph, MO). After shaving the thigh, depilatory agent was applied to the skin to eliminate any remaining hair. The rabbits were laid down on the platform on their lateral position and their shaved thigh was just above the ultrasound transducer through the acoustic window. To make effective acoustic contact, ultrasound gel was applied between the water bolus membrane and the rabbit thighs. The rabbit controlled heating experiments were performed in a similar manner as the ex vivo experiments except the control variables used a time constant for the reference temperature at 4 ϭ 8 minutes, and the ultrasound exposure time was 25 minutes.
Canine Experiment. Two canines (ϳ15 kg mongrel, male) were used for the prostate hyperthermia experiment with the MR thermometry and adaptive temperature controller. These dogs were anaesthetized with Telazol (100 mg/ml, reconstituted with Tiletamine hydrochloric acid and Zolazepam hydrochloric acid, Fort Dodge Animal Health, Fort Dodge, IA). The rectums of the canines were cleaned and filled with degassed acoustic coupling gel. After placing the dogs on the MRI table, the array was inserted. Good contact was verified by MRI images before baseline temperature sensitive MRI images were collected. The temperature from a predefined region in the canine prostate was selected as the feedback to the controller. The target temperature was set to 43°C, the time constant of the reference was 4 ϭ 6 minutes, and the exposure time was chosen to be around 8 minutes.
RESULTS

Simulation Results
Figure 5(a) shows the reference temperature and the temperature elevations from the adaptive and PID controllers while the power trajectories to the amplifier as directed by each controllers are plotted in Fig.  5(b) . The controllers had a desired target temperature of 43°C and rise time of 5 minutes with the blood perfusion linearly increased from 2.0 to 10.0 kg/m 3 s during the 30-minute hyperthermia simulation. Re- 
Ex Vivo Phantom Results
Nine ex vivo experiments were conducted with Lyapunov-based MRAC method using five bovine muscle phantoms. MR temperatures in an ROI adjacent to an optical temperature probe were used as thermal feedback to the controller. The target temperature of 10°C above the ambient temperature (28°C) was desired for 25 minutes of hyperthermia. The time constant of the exponential reference was 4 ϭ 6 minutes. The adaptation gain of the MRAC method was set to 0.001.
As a typical result, Fig. 6 plots the exponential reference temperature (solid line), the temperature elevation from the fiber optic probe (dots), and the MR measurement within the ROI (open circles, mean Ϯ SD). Starting at an initial phantom temperature of 28°C, the controller achieved the steady-state temperature of 38°C within 6.0 Ϯ 0.2 minutes. The deviation of the MR measurement to the steady-state temperature was no greater than Ϯ1.37°C. After the first 10 minutes, the MR measurement agreed with the probe temperature measurement to within Ϯ0.89°C.
In Vivo Animal Results
Rabbit
Results. An MR image of an axial view of the rabbit thigh and the transducer orientation is shown in Fig. 7 . As indicated in the figure, the array is adjacent to the rabbit thigh along with the ROI in which the temperature was determined for the input to the controller. For rapid hyperthermia heating without causing skin burn, it is desired to reach 44.3°C with the time constant of 4 ϭ 8 minutes for a total of 25 minutes hyperthermia. from the desired temperature profile was 2.2°C. After reaching steady state, tissue temperature was maintained at 44.3°C with average variation of 1.45°C.
Canine Results. Figure 9 (a) shows an axial view of the experimental setup, indicating the ultrasound array solidly coupled to the canine prostate through the water bolus inside the rectum. ROI was chosen in the middle of the prostate as shown in Fig. 9 (a) with 4 ϫ 3 pixels. Average MR measurement in the ROI was sent to the Lyapunov-base MRAC controller as thermal feedback. The plot in Fig. 9(b) shows within 6.5 Ϯ 0.5 minutes the canine prostate temperature reached the 43 Ϯ 2.0°C for a total of 10 experiments for two canines. The target temperature was set to be 43°C with exponential time constant 4 ϭ 6 minutes. To save the animal for as many experiments as possible, each experiment was stopped 1 minute after the steady-state temperature was reached. However, the full 25 minutes heating using rabbits has been shown previously to demonstrate the effectiveness of the controller.
DISCUSSIONS AND CONCLUSIONS
In computer simulation, although each control method kept a stable steady-state temperature, the power levels linearly increased as a function of time. This could be explained by the increase in blood perfusion, taking more heat away from the target tissue and resulting in more input energy required to maintain the steady-state temperature. The mean overshoot by STR was substantially higher than that using MRAC and PID methods, which was also demonstrated in the ex vivo experiments using fiber optic probes (Table 2 ) (35, 36) . The main cause of the large vibrations using STR controller was due to the involvement of explicit system identification step. The measurement resolution of the fiber optic thermometer (ϳ0.01°C) is significant compared with the temperature increase per measurement (ϳ0.04°C). Therefore, the estimated system parameters had low accuracy and long convergence period, which resulted in the temperature oscillations in both simulations and ex vivo experiments. Although PID control with fixed gains showed good performance in simulations, its experimental results displayed large overshoot and large steadystate errors. Moreover, one optimal combination of control gains works only for limited hyperthermia systems, any component change (e.g., different transducer or different patient) will need another gain set. Finding the optimal gain is time and effort intense.
MRAC, on the other hand, does not require prior knowledge of the hyperthermia system showing fast rise time, small overshoot, small steady-state oscillations in simulations and ex vivo and in vivo experiments (see Table 2 ). One important advantage of using MRAC is that the rise time is significant decreased compared with nonadaptive control methods. In previous research using a PID controller with constant gains by Smith et al. (9) , about 7-24 minutes was required for 7°C temperature increase, whereas with this MRAC control method, only 6 -8 minutes was needed for the same 7°C temperature increase.
Temperature regulation using the MRAC methods and MRI thermal feedback demonstrates the stability and robustness during the ex vivo and in vivo ultrasound hyperthermia experiments. To optimize the controller's performance, several parameters have been tested, such as time constants of reference temperature, adaptation gains, and initial values of the control variable ⌰. The parameters were tested in such a way that one of them was varied, while the others were held constantly. Then the controller's response of rise time, overshoot temperature, and steady-state errors were analyzed and summarized in Table 3 in the experimental result summary column.
From Table 3 , examining the controller results from experiment 1, it is indicated that with small time constant (4 ϭ 3 min) the controller is able to reach the therapeutic level faster (3 Ϯ 0.5 min Ͻ 8 Ϯ 0.5 min) than with large time constant (4 ϭ 8 min); however, it caused larger overshoot (1.9 Ϯ 0.6°C Ͼ 1.3 Ϯ 0.3°C) and greater oscillations (1.8 Ϯ 0.5°C Ͼ 1.5 Ϯ 0.6°C). Based on the allowable overshoot and oscillations, in this research, 4 was limited to times greater than 5 minutes to ensure animal safety.
From the results of experiment 2 in Table 3 , with smaller adaptation gain (␥ ϭ 0.005), the adaptive controller updated the control parameters in a slower way so that it took longer (8.1 Ϯ 0.5 min Ͼ 7.85 Ϯ 0.5 min) for the control variables to reach the optimal values than with the larger gain (␥ ϭ 0.015). Not surprisingly, the conservative manner (␥ ϭ 0.005) also resulted in smaller overshoot (1.3 Ϯ 0.3°C Ͻ 1.5 Ϯ 0.4°C) and perhaps smaller steady-state error, although not shown in this research.
Finally, since the acquisition of a slice of MRI temperature image took longer time (7.4 s per measurement) than the fiber optic thermometer (up to Table 3 also shows that with optimized initial parameters values, the performance of the control system was significantly improved, yielding smaller rise time (6 Ϯ 0.5 min Ͻ 12 Ϯ 0.5 min), less overshoot (1.1 Ϯ 0.3°C Ͻ 5.2 Ϯ 0.6°C), and lower steady-state oscillations (1.5 Ϯ 0.6°C Ͻ 3.5 Ϯ 0.5°C).
One important issue during MR thermometry is motion. Temperature measurement using MR is actually based on the subtraction of current image with respect to the initial one. Motion during the experiment can result in measurement errors or mistaken measurements, which can typically cause the controller to oscillate or even become unstable. In this research, the temperature was acquired by averaging a region of MR measurement (4 ϫ 3 mm 2 ). This can effectively compensate for small motion, such as breath. Results from the in vivo experiments showed the MRAC controller worked well under small motion. Large motion, such as animal kick, was also observed during the experiments typically followed by experiment failure. To minimize the animal movement, anesthetized drug should be paid special attention to avoid movement as much as possible.
In summary, to accomplish the noninvasive ultrasound hyperthermia treatment, self-tuning regulator (STR) and model reference adaptive control (MRAC) methods with MR thermometry were proposed and applied to an intracavitary ultrasound hyperthermia system. Computer simulations as well as ex vivo phantom and in vivo animal experiments displayed that these methods did not require a priori knowledge of the tissue properties and adaptively adjusted the amplitudes of the array's driving signal according to the blood perfusion and other dynamic tissue properties to achieve controlled, effective ultrasound hyperthermia.
